Community Energy Storage sizing for grid management optimization by Costa, Marco
Università degli Studi di Padova
Corso di Laurea Magistrale in Ingegneria Energetica
Community Energy Storage sizing for grid
management optimization
Relatore:
Arturo Lorenzoni
Laureando:
Marco Costa
Matricola: 1059050
Anno accademico 2014/2015


ii
Contents
List of Figures 1
1 Introduction 3
2 Electricity Storage Services and Beneﬁts 7
2.1 Why to use Energy Storage . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Bulk Energy Services . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.1 Electric Energy Time-shift (Arbitrage) . . . . . . . . . . . . 9
2.2.2 Distribution Upgrade Deferral and Voltage support . . . . . 10
2.2.3 Retail Energy Time-Shift . . . . . . . . . . . . . . . . . . . . 10
2.2.4 Demand Charge Management . . . . . . . . . . . . . . . . . 11
2.3 Stacked Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3 Electricity Energy Storage Technologies 13
3.1 Lithium-ion Batteries . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.1 Maturity and Commercial Availability . . . . . . . . . . . . 15
3.2 Lead Acid Batteries . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Sodium Nichel Chloride Batteries . . . . . . . . . . . . . . . . . . . 18
3.4 Vanadium Redox Batteries . . . . . . . . . . . . . . . . . . . . . . . 19
4 Community Energy Storage, existing examples 21
4.1 Community Energy Storage, the American Electric Power (AEP)
Experience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5 Community Energy Storage for Predictable Proﬁle Service 25
5.1 Predictable Proﬁle Battery Modelling and sizing . . . . . . . . . . . 26
5.1.1 General deﬁnition of Aggregators and their role . . . . . . . 26
5.1.2 Aggregators for Predictable Proﬁle service . . . . . . . . . . 28
5.1.3 System Description . . . . . . . . . . . . . . . . . . . . . . . 28
5.1.4 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.1.5 Brief Code Description . . . . . . . . . . . . . . . . . . . . . 30
iii
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.2.1 Single day Simulation . . . . . . . . . . . . . . . . . . . . . . 31
5.2.2 Whole Year Simulation . . . . . . . . . . . . . . . . . . . . . 33
5.3 Whole Year Simulation with diﬀerent amount of connected PV sys-
tems and Predictable Proﬁle Resolutions . . . . . . . . . . . . . . . 33
6 Cost Beneﬁt Analysis 37
6.0.1 Beneﬁts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.0.2 Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.1 The Italian Case Study . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7 APPENDIX 49
Bibliography 67
iv
List of Figures
1.1 Annual Cumulative Photovoltaic Demand . . . . . . . . . . . . . . 4
1.2 Global PV Dominance . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 State of the Art PV technology performances . . . . . . . . . . . . 6
2.1 The "Duck Curve" . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Energy Storage Services . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Electrical Energy Storage Services Summary . . . . . . . . . . . . . 12
3.1 Electricity Energy Storage Technologies Overview . . . . . . . . . . 13
3.2 Li-Ion Battery Technology . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Li-Ion Battery Decreasing Cost trend . . . . . . . . . . . . . . . . . 16
3.4 Lead Acid Battery . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.5 Sodium Nickel Chloride (NaNiCl) Battery Technology . . . . . . . . 18
3.6 Vanadium Redox Flow Battery (VRB) Technology . . . . . . . . . . 19
4.1 Electrical Energy Storage Services Summary . . . . . . . . . . . . . 24
5.1 Considered Grid Topology . . . . . . . . . . . . . . . . . . . . . . . 29
5.2 3 step resolution predictable Proﬁle . . . . . . . . . . . . . . . . . . 31
5.3 Random Summer Day simulation result . . . . . . . . . . . . . . . . 32
5.4 Random Winter Day simulation result . . . . . . . . . . . . . . . . 32
5.5 Predictable proﬁle with 3 steps for the whole year . . . . . . . . . . 33
5.6 Storage proﬁles aggregated . . . . . . . . . . . . . . . . . . . . . . . 34
5.7 Storage proﬁles aggregated, a partial 3D view . . . . . . . . . . . . 34
5.8 Storage Sizing Result . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.9 Storage Sizing Results . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.1 Storage System Costs . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.2 Investment Costs with Li-ion and Lead Acid technology . . . . . . . 39
6.3 Levelized cost of Energy after Cost Beneﬁt Analysis . . . . . . . . . 41
6.4 Storage Sizing Result . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.5 Storage Sizing Result . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1
2 LIST OF FIGURES
6.6 Storage Sizing Results . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.7 LCOE with Li-ion and Lead Acid technology . . . . . . . . . . . . . 45
6.8 Battery LCI and LBOE comparison . . . . . . . . . . . . . . . . . . 46
7.1 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
1 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
7.2 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
1 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.3 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
3 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.4 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
3 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
7.5 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
6 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
7.6 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
6 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.7 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
9 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.8 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
9 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.9 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
12 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.10 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
12 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.11 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
15 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.12 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
15 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.13 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
18 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
7.14 Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with
18 PV connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.15 Cost and LCOE for Li-Ion Battery for Distributed Energy Storage
Systems (DESS) applications " . . . . . . . . . . . . . . . . . . . . 57
7.16 Cost and LCOE for Li-Ion Battery for Commercial and Industry
applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.17 Costs of Lead Acid Battery for Distributed Energy Storage Systems 59
7.18 Costs of Lead Acid Battery for Commercial and Industrial Sector . 60
7.19 Electrical Energy Storage 5-100 kW scheme . . . . . . . . . . . . . . 65
7.20 Electrical Energy Storage 5-100 kW scheme . . . . . . . . . . . . . . 65
2
Chapter 1
Introduction
The European Union aims to cut greenhouse gas emissions to 20% below 1990
levels by 2020 as part of the strategic 2050 roadmap [1]. Other countries such as
USA and Japan have similar objectives. From the generation supply side, renew-
able energy (RE) technologies and the use of ﬂexible vectors such as electricity,
heat and hydrogen are some of the key technologies to achieve these ambitious
objectives. Among diﬀerent RE technologies, solar photovoltaic (PV) is expected
to play an important role during this transition pathway and its rise has already
started. PV energy was the fastest-growing power technology worldwide between
2000 (1.5 GWp cumulative capacity) and 2010 (40 GWp cumulative capacity) with
7.4 GW installed in Germany alone [2]. The cumulative global market for solar
PV is expected to triple by 2020 to almost 700 GW, with annual demand eclips-
ing 100 GW in 2019. Solar demand will likely be almost entirely market-based
in 2020, a dramatic shift from 2012 when almost all demand was premised on
direct incentives. One implication of an increasingly unsubsidized market is that
management and governance of the electric grid will change dramatically, creating
both new opportunities and challenges for solar companies. This transformation
is already underway with the implementation of market-based mechanisms for PV
procurement and solar companies exploring innovations in business model design
[3]. According to the recently published report by the United Nations Environ-
ment Program (UNEP), more than 50% of the investment in renewable energy
worldwide ﬂows into solar [4].
From an energy point of view, the PV energy source is a proved alternative to
traditional fossil fuels but like wind energy, PV is characterized by intermittent and
ﬂuctuating power generation. The increasing penetration of PV is contributing to
relieving the loading of residential grids. This is a positive aspect if we consider that
demand in the residential sector is continuously increasing. However, day-night
cycles, weather conditions, and clouds passage are some of the natural phenomena
that make PV a non-dispatchable and ﬂuctuating energy source as wind power.
3
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Figure 1.1: Annual Cumulative Photovoltaic Demand
Unlike wind turbines, PV systems are well suited in low voltage (LV) distribution
grids, in urban or rural areas, in public places or private households. This is mainly
thanks to their static operation and to a lower visual and noise impact compared
to wind turbines.
From a power-system perspective, PV shows a good correlation between generation
and demand in LV grids: in fact, PV power is generated during the day when the
demand is relatively high compared to overnight. Additional beneﬁts from PV
are related to loss reduction, as a consequence of the reduced power ﬂow from the
transmission and distribution grid downstream to the consumers.
Nevertheless, because of the uncertainty of PV power generation, LV grids en-
counter new operational challenges nowadays. One major concern is to ensure
voltage quality along LV feeders.
If the demand is low, the power generation from decentralized PV systems can
4
5Figure 1.2: Global PV Dominance
cause situations of power-ﬂow inversion in LV feeders, which can lead to signiﬁcant
variations in the voltage magnitude and consequent deterioration of voltage quality
[5].
It is the most widespread power technology in the built environment due to its
modularity, free-maintenance and quiet performance [6]. Additionally, continuous
progress has reduced the system cost dramatically. According to the International
Energy Agency (IEA), the costs of PV exhibits a learning rate of 19.3% being
deﬁned as the reduction of cost for every doubling of global capacity and the
eﬃciency has increased steadily (fromabout 12% to 17% for commercial crystalline
silicon panels) [7].
Latest performance index had been published by NREL (National Renewable En-
ergy Laboratory) in Figure 1.3.
In traditional electrical networks, electricity ﬂows from centralized fossil genera-
tion plants to the point of consumption. Coal, natural gas and diesel generation
plants usually oﬀer a certain level of schedule therefore they can be considered as
load following generators. Typically, nuclear plants run at more constant power,
supplying a base load. The penetration of PV and other RE technologies will af-
fect the whole energy system which was designed and built according to ﬂexibility
oﬀered by fossil fuels. However, PV technology and other RE technologies depend
on the weather conditions. This means that they do not oﬀer the same level of
demand matching capability as traditional generators do as it is not possible to
forecast with total accuracy the PV power output [8] PV generation follows daily
and seasonal patterns proportional to the local irradiance and this behaviour is
more marked at latitudes further from the equator. In the case of the built environ-
5
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Figure 1.3: State of the Art PV technology performances
ment, there can be a mismatch between the PV generation and the local demand
e.g. the annual mismatch for a 4.5 kWp PV installation and the electrical load of
a single dwelling was found to be 81% [9]. However, for energy communities with
several dwellings, it has been found that the mismatch between PV generation
and domestic demand reduces with the number of households due to random load
coincidence [10]. Another interesting ﬁnding was that for arrays with a rating up
to 1 kWp per household, almost all electricity produced is consumed by the local
demand loads, reducing the losses in the distribution area. The ability of diﬀerent
PV array orientations, demand-side management tools and energy storage (ES)
to improve the matching capability of distributed PV at high-latitude areas was
compared by Widén et al. [11]. According to the ﬁndings, ES is the most eﬀective
technology to shift the PV generation to meet the demand load at high PV pen-
etration levels. Therefore, understanding the cost, value and proﬁtability of the
ES in communities and their dependence on the performance of ES, is key for the
deployment of ES and the penetration of more PV technology.
6
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Electricity Storage Services and
Beneﬁts
2.1 Why to use Energy Storage
Italian Energy Authority deﬁnes Energy Storage Systems as "a set of devices,
equipment and logics of management and control, functional to absorb and release
electricity, designed to operate on a continuous basis in parallel with the grid
with compulsory connection by third parties or can cause them to deteriorate
proﬁle exchange with the electricity grid (injection and / or withdrawal). The
storage system can be integrated or not with a production plant (if present). This
deﬁnition doesn't cover systems used in emergency conditions, which works only
when a power system failure occurs from the power supply for reasons beyond the
control of the entity involved" [12];
The primary reasons for the need of energy storage include:
 growth in renewables implies intermittent spikes in power generation and
voltage, which could lead to grid instability at higher penetration rates (10−
15%5+ grid capacity or generation). This was notably illustrated by the
California Independent System Operator (CAISO) in late 2013 as it modeled
issues in achieving 33% renewable energy by 2020.
 Behind the meter batteries would smooth the peak demand during the evening,
while utility scale batteries could provide the rapid response time and ﬂuc-
tuation response necessary to support large scale variable generation.
 Increased shift towards distributed generation; which is prompting some util-
ities to ﬁght net metering, interconnection, or other solar incentives
7
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Figure 2.1: The "Duck Curve"
 Increase in electricity prices; which makes systems with grid storage more
economical
 Electriﬁcation of underserved areas of the world can be implemented eﬀec-
tively through micro-grids with storage systems inside.
In the future smart grid environment, energy storage can potentially deliver mul-
tiple beneﬁts that will enhance grid performance, operability and security together
with reducing energy production and delivery costs [13]. The many functions of
energy storage include its ability to :
1. providing backup power to homes, businesses or utilities;
2. cutting peak-demand charges;
3. providing ﬁrm peak capacity to the grid;
4. providing frequency regulation and improving relationship between distributed
generation producer and utility with smart grid implementation.
8
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Figure 2.2: Energy Storage Services
2.2 Bulk Energy Services
2.2.1 Electric Energy Time-shift (Arbitrage)
Electric energy time-shift involves purchasing inexpensive electric energy, available
during periods when prices or system marginal costs are low, to charge the storage
system so that the stored energy can be used or sold at a later time when the
price or costs are high. Alternatively, storage can provide similar time-shift duty
by storing excess energy production, which would otherwise be curtailed, from
renewable sources such as wind or photovoltaic (PV).
Technical considerations:
 Storage System Size Range: 1  500 MW
 Target Discharge Duration Range: <1 hour
 Minimum Cycles/Year: 250 +
Storage used for time-shifting energy from PV or smaller wind farms would be in
the lower end of the system storage size and duration ranges shown above, whereas
storage for arbitrage in large utility applications or in conjunction with larger wind
farms or groups of wind and/or PV plants would fall in the upper end of these
ranges.
Both storage variable operating cost (non-energy-related) and storage eﬃciency
are especially important for this service. Electric energy time-shift involves many
9
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possible transactions with economic merit based on the diﬀerence between the cost
to purchase, store, and discharge energy (discharge cost) and the beneﬁt derived
when the energy is discharged. Any increase in variable operating cost or reduction
of eﬃciency reduces the number of transactions for which the beneﬁt exceeds the
cost. That number of transactions is quite sensitive to the discharge cost, so
a modest increase may reduce the number of viable transactions considerably.
Two performance characteristics that have a signiﬁcant impact on storage variable
operating cost are:
1. round-trip eﬃciency of the storage system
2. the rate at which storage performance declines as it is used.
In addition, seasonal and diurnal electricity storage can be considered as a bulk
service. It can be very useful for wind or PV if there are signiﬁcant seasonal and
diurnal diﬀerences.
2.2.2 Distribution Upgrade Deferral and Voltage support
A storage system that is used for upgrade deferral could simultaneously provide
voltage support on the distribution lines. Utilities regulate voltage within speciﬁed
limits by tap changing regulators at the distribution substation and by switching
capacitors to follow load changes. This is especially important on long, radial
lines where a large load such as an arc welder or a residential PV system may be
causing unacceptable voltage excursions on neighboring customers. These voltage
ﬂuctuations can be eﬀectively damped with minimal draw of real power from the
storage system.
Technical considerations:
 Storage System Size Range: 500 kilowatts (kW)  10 MW
 Target Discharge Duration Range: 1  4 hours
 Minimum Cycles/Year: 50  100
2.2.3 Retail Energy Time-Shift
Retail electric energy time-shift involves storage used by energy end users (utility
customers) to reduce their overall costs for electricity. Customers charge the stor-
age during oﬀ-peak time periods when the retail electric energy price is low, then
discharge the energy during times when on-peak time of use (TOU) energy prices
apply. This application is similar to electric energy time-shift, although electric
10
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energy prices are based on the customer's retail tariﬀ, whereas at any given time
the price for electric energy time-shift is the prevailing wholesale price
Technical considerations:
 Storage System Size Range: 1 kW  1 MW
 Target Discharge Duration Range: 1  6 hours
 Minimum Cycles/Year: 50  250
2.2.4 Demand Charge Management
Electricity storage can be used by end users (i.e., utility customers) to reduce
their overall costs for electric service by reducing their demand during peak periods
speciﬁed by the utility. To avoid a demand charge, load must be reduced during all
hours of the demand charge period, usually a speciﬁed period of time (e.g., 11:00
a.m. to 5:00 p.m.) and on speciﬁed days (most often weekdays). In many cases,
the demand charge is assessed if load is present during just one 15-minute period,
during times of the day and during months when demand charges apply. The most
signiﬁcant demand charges assessed are those based on the maximum load during
the peak demand period (e.g., 12:00 p.m. to 5:00 p.m.) in the respective month.
Although uncommon, additional demand charges for 1) part peak or (partial peak)
demand that occurs during times such as shoulder hours in the mornings and
evenings and during winter weekdays and 2) base-load or facility demand charges
that are based on the peak demand no matter what time (day and month) it
occurs.
2.3 Stacked Services
Electricity storage can be used for any of the services listed above, but it is rare for
a single service to generate suﬃcient revenue to justify its investment. However,
the ﬂexibility of storage can be leveraged to provide multiple or stacked services,
or use cases, with a single storage system that captures several revenue streams
and becomes economically viable. How these services are stacked depends on the
location of the system within the grid and the storage technology used. However,
due to regulatory and operating constraints, stacking services is a process that
requires careful planning and should be considered on a case-by-case basis.
When connected to the grid at the transmission level, energy storage can provide
grid-related service to ancillary markets under the control of ISOs while bidding
into the energy market. Energy storage can also act as a peaker to provide sys-
tem capacity. When placed on the distribution circuits, energy storage can help
11
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solve local substation-speciﬁc problems (mitigating voltage problems, deferring in-
vestment upgrades, etc.) while providing ancillary services to the grid. On the
customer side of the meter, energy storage system can shave the customer's peak
load and reduce the electricity bill while improving power quality and reliability.
Figure 2.3: Electrical Energy Storage Services Summary
12
Chapter 3
Electricity Energy Storage
Technologies
A general and updated overview of current Energy Storage Technologies is pre-
sented:
Figure 3.1: Electricity Energy Storage Technologies Overview
The portfolio of electricity storage technologies can be considered for providing a
13
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range of services to the electric grid and can be positioned around their power and
energy relationship. The ﬁgure shows that compressed air energy storage (CAES)
and pumped hydro are capable of discharge times in tens of hours, with corre-
spondingly high sizes that reach 1000 MW. In contrast to the capabilities of these
two technologies, various electrochemical batteries and ﬂywheels are positioned
around lower power and shorter discharge times.
Installed cost estimates were developed for the speciﬁc services and are presented
per kilowatt of discharge capacity installed ($/kW installed). Levelized cost of
energy (LCOE) or lifecycle cost estimates are expressed per kilowatt-hour ($/kWh)
of delivered energy. For technology screening-level studies, these cost estimates
are conceptual estimates that will diﬀer from site-speciﬁc project estimates for
the following reasons: Project estimates are more detailed and based on site-
speciﬁc conditions and use cases. Individual companies' design bases may vary.
Actual owner costs as well as site-speciﬁc costs in project estimates are generally
higher. Site-speciﬁc requirements, such as transportation, labor,interconnection,
and permitting, also have an impact.
Since the purpose of this thesis is Distribution feeder level technologies, Pumped
Hydro and Compressed Air Energy Storage (CAES) are omitted from the discusion
because of their bigger operational scale size. Also Flywheel is not considered
since the time range in which it operates (seconds) is not the one considered (15
minutes). Moreover NaS batteries are only available in multiples of 1-MW/6-MWh
units with installations typically in the range of 2 to 10 MW according to NGK,
leader in this technology market fragment.
3.1 Lithium-ion Batteries
The most promising and rising technology for Distribution feeder level is Lithium-
based technolgy. A Li-ion battery cell contains two reactive materials capable
of undergoing an electron transfer chemical reaction. To undergo the reaction,
the materials must contact each other electrically, either directly or through a
wire, and must be capable of exchanging charged ions to maintain overall charge
neutrality as electrons are transferred. A battery cell is designed to keep the
materials from directly contacting each other and to connect each material to an
electrical terminal isolated from the other material's terminal. These terminals
are the cell's external contacts.
Inside the cell, the materials are ionically, but not electronically, connected by
an electrolyte that can conduct ions, but not electrons. This is accomplished by
building the cell with a porous insulating membrane, called the separator, between
the two materials and ﬁlling that membrane with an ionically conductive salt so-
lution. Thus this electrolyte can serve as a path for ions, but not for electrons.
14
3.1. LITHIUM-ION BATTERIES 15
Figure 3.2: Li-Ion Battery Technology
When the external terminals of the battery are connected to each other through a
load, electrons are given a pathway between the reactive materials, and the chem-
ical reaction proceeds with a characteristic electrochemical potential diﬀerence or
voltage. Thus there is a current and voltage (i.e., power) applied to the load
3.1.1 Maturity and Commercial Availability
The large manufacturing scale of Li-ion batteries (estimated to be approximately
30 GWh by the end of 2015) could results in potentially lower cost battery packs
which could also be used and integrated into systems for grid-support services that
require less than 4 hours of storage. Many stationary systems have been deployed
in early ﬁeld trials to gain experience in siting, grid integration, and operation.
Early system trial demonstrations are underway using small 5 to 10kW/20kWh
distributed systems and large 1-MW/15-minute fast-responding systems for fre-
quency regulation. Several electric utilities are also planning to deploy Distributed
Energy Storage Systems (DESSs) in the 25 to 50kW size range on the utility side
of the meter with energy durations ranging from 1 to 3 hours. Some systems have
islanding capability, which can keep homeowners supplied with power for 1 to 3
15
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hours if the grid goes down. Several customer-side-of-meter commercial and resi-
dential applications are also underway. In 2014 Bjorn Nykvist and Mans Nilsson
[14] published a comprehensive review about Li-ion costs with promising results
about cost decreasing stating that it is faster than expected for the time range
2007-2014
Figure 3.3: Li-Ion Battery Decreasing Cost trend
3.2 Lead Acid Batteries
Lead-acid batteries are the oldest form of rechargeable battery technology since
they were originally invented in the mid-1800s. The positive electrode is composed
of lead-dioxide, PbO2, while the negative electrode is composed of metallic lead,
Pb. The active material in both electrodes is highly porous to maximize surface
area. The electrolyte is a sulfuric acid solution, usually around 37% sulfuric acid
by weight when the battery is fully charged.
Lead-acid energy storage technologies are divided into two types: lead-acid carbon
technologies and advanced lead-acid technologies. Lead-acid carbon technologies
use a fundamentally diﬀerent approach to lead-acid batteries through the inclu-
sion of carbon, in one form or another, both to improve the power characteristics
of the battery and to mitigate the eﬀects of partial states of charge. Certain
16
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advanced lead-acid batteries are conventional valve-regulated lead-acid (VRLA)
batteries with technologies that address the shortcomings of previous lead-acid
products through incremental changes in the technology. Other advanced lead-
acid battery systems incorporate solid electrolyte-electrode conﬁgurations, while
others incorporate capacitor technology as part of anode electrode design. Lead-
acid batteries are the most commercially mature rechargeable battery technology
in the world. VRLA batteries are used in a variety of applications, including au-
tomotive, marine, telecommunications, and uninterruptible power supply (UPS)
systems. However, there have been very few utility Transmission and Distribution
applications for such batteries due to their relatively heavy weight, large bulk,
cycle-life limitations, and perceived reliability issues (stemming from maintenance
requirements).
Figure 3.4: Lead Acid Battery
Two others technologies are here presented even if not considered for further sim-
ulations, but interesting for future local grid storage services
17
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3.3 Sodium Nichel Chloride Batteries
Sodium-nickel-chloride batteries are high-temperature battery devices, like NaS.
The ﬁgure below illustrates the design of this battery and key principles. When
charging a Sodium-nickel-chloride battery at normal operating temperatures range
(usually between 270 °to 350 °), salt (NaCl) and nickel (Ni) are transformed
into nickel-chloride (NiCl2) and molten sodium (Na). The chemical reactions are
reversed during discharge, and there are no chemical side reactions. The electrodes
are separated by a ceramic wall (electrolyte) that is conductive for sodium ions
but an isolator for electrons. Therefore, the cell reaction can only occur if an
external circuit allows electron ﬂow equal to the sodium ion current. The porous
solid NiCl2 cathode is impregnated with a sodium ion conductive salt (NaAlCl4)
that provides a conductive path between the inside wall of the separator and the
reaction zone. Cells are hermetically sealed and packaged into modules of about
20 kWh each.
Figure 3.5: Sodium Nickel Chloride (NaNiCl) Battery Technology
The internal normal operating temperature is required to achieve acceptable cell
resistance and must be thermally managed by design features. Two battery original
equipment manufacturer (OEM) suppliers have production facilities operating and
are starting to deploy systems in the size range of 50 kW to 1 MW.
18
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3.4 Vanadium Redox Batteries
An interesting technology that according to many vendors is at the pre-commercial
stage is Vanadium Redox Flow Batteries. Vanadium reduction and oxidation (re-
dox) batteries are of a type known as ﬂow batteries, in which one or both active
materials is in solution in the electrolyte at all times. In this case, the vanadium
ions remain in an aqueous acidic solution throughout the entire process. The vana-
dium redox ﬂow battery is a ﬂow battery based on redox reactions of diﬀerent ionic
forms of vanadium. During battery charge, V3+ ions are converted to V2+ ions
at the negative electrode through the acceptance of electrons. Meanwhile, at the
positive electrode, V4+ ions are converted to V5+ ions through the release of elec-
trons. Both of these reactions absorb the electrical energy put into the system and
store it chemically. During discharge, the reactions run in the opposite direction,
resulting in the release of the chemical energy as electrical energy. In construction,
the half-cells are separated by a proton exchange membrane that allows the ﬂow
of ionic charge to complete the electrical circuit. Both the negative and positive
electrolytes (sometimes called the anolyte and catholyte, respectively) are com-
posed of vanadium and sulfuric acid mixture at approximately the same acidity
as that found in a lead-acid battery. The electrolytes are stored in external tanks
and pumped as needed to the cell.
Individual cells have
Figure 3.6: Vanadium Redox Flow Battery (VRB) Tech-
nology
a nominal open-circuit
voltage of about 1.4
V. To achieve higher
voltages, cells are con-
nected in series to pro-
duce cell stacks. Vana-
dium redox ﬂow bat-
teries have an impor-
tant advantage among
other ﬂow batteries:
the two electrolytes are
identical when fully dis-
charged. This makes
shipment and storage
simple and inexpen-
sive and greatly sim-
pliﬁes electrolyte management during operation.
Self-discharge is typically not a problem for vanadium redox systems, because the
electrolytes are stored in separate tanks. Self-discharge may occur within the cell
stack if it is ﬁlled with charged electrolyte, resulting in the loss of energy and heat
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generation in the stacks. For this reason, the stacks are usually elevated above
the tanks, so that electrolyte drains back into the tanks when the pumps are shut
down. The battery will then take a short while to come back into operation again.
Alternatively, the pumps can operate in an idling state, which would allow charged
electrolyte to be available at all times, at the price of a slightly higher parasitic loss.
The life of a vanadium redox system is determined by a number of components.
The cell stack is probably the limited life component, with a useful life estimated
at 10 years; however, operational ﬁeld data are not available to conﬁrm these
lifetimes. The tanks, plumbing, structure, power electronics, and controls have a
longer useful life. The electrolytes and the active materials they contain do not
degrade with time.
Vanadium redox systems are ca-
pable of stepping from zero out-
put to full output within a few
milliseconds, if the stacks are al-
ready primed with reactants. In
fact, the limiting factor for be-
ginning battery discharge is more
commonly the controls and com-
munications equipment. For short-
duration discharges for voltage sup-
port, the electrolyte contained in
the stacks can respond without the pumps running at all. The cell stack can
produce three times the rated power output provided the state of charge is be-
tween 50% and 80%. The physical scale of vanadium redox systems tends to be
large due to the large volumes of electrolyte required when sized for utility-scale
(megawatt-hour) projects. Unlike many other battery technologies, cycle life of
vanadium redox systems is not dependent on depth of discharge. Systems are
rated at 10,000 cycles, although some accelerated testing performed by Sumitomo
Electric Industries Ltd., produced a battery system with one 20-kW stack for cycle
testing that continued for more than 13,000 cycles over about two years.
Other Flow battery technologies like Zinc-Bromine and Iron-Chromium are not
here considered. Zinc-air technology is still in early Research and Development
phase for stationary storage systems in grid services markets. Despite substantial
technical obstacles faced in the past, this technology holds a great deal of poten-
tial because of its low capital cost for grid support and potentially for electric
transportation applications 1.
1Vanadium Redox and NaNiCl Batteries will not be considered during economic evalutaions
since data available is not enough to proper evaluate a realistic solution
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Community Energy Storage,
existing examples
Community energy storage entails utility deployment of modular, distributed en-
ergy storage systems (DESS) at or near points in the utility distribution system
that are close to residential and business end users. The genesis of the CES con-
cept was investigated by American Electric Power(AEP) which will be analyzed
in a further section. Though the actual value proposition for any speciﬁc CES
deployment will vary signiﬁcantly, important elements include:
 a) it can provide numerous beneﬁts
 b) it is a ﬂexible solution for many existing and emerging utility needs
 c) to one extent or another, eventually, utility engineers will include mod-
ular distributed storage as a standard alternative in their growing toolkit
of solutions and responses. Utilities' conventional toolkit includes a fairly
narrow set of solutions, primarily generators, transformers and wires. Before
utility engineers can and will accept storage as a standard alternative, it is
important to standardize utility speciﬁcations for the storage systems 1.
CES is expected to provide numerous beneﬁts in many possible combinations. It
can serve as a robust, fast-responding and ﬂexible alternative to generation. It can
store low priced energy and use that energy when the price is high. CES can also
be used to provide most types of ancillary services that are needed to keep the
electrical grid stable and reliable. Depending on the location, CES may reduce
the need for transmission and distribution capacity because CES provides power
locally, so less equipment is needed to serve the local peak-demand. CES can also
1AEP published Functional Speciﬁcations for CES as an open source standard
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improve the local electric service reliability and power quality. An other interesting
application is CES used to maintain a stable voltage in the distribution system.
CES can play an important role in the integration of renewable energy generation
into the grid, including large scale/remote wind generation and distributed (e.g.
rooftop) photovoltaics. CES addresses two notable RE generation integration chal-
lenges. First, CES can be charged with wind generation output, much of which oc-
curs at night when the energy is not very valuable. In some circumstances,demand
for energy is less than the amount being generated, so wind generation is curtailed
(turned oﬀ) or the system operator 2 must pay someone to take the energy. By
charging at night, CES takes advantage of the time when transmission systems
are less congested and more eﬃcient. Second, CES can be used to manage local-
ized power quality related challenges posed by high penetrations of photovoltaics
systems, especially in residential areas. Of particular note are undesirable voltage
ﬂuctuations that occur such as those associated with rapid variations of output
due to passing clouds. CES is also designed to islanding-mode, so when a localized
portion of the distribution system becomes electrically isolated from the rest of the
grid, CES can pick up the end-user demand and can serve that demand while
there is stored energy.
Although CES is not a value proposition per se, the concept is powerful. It entails
use of a ﬂexible, standardized, modular utility-owned solution to important exist-
ing and emerging challenges faced by utilities in the new electricity marketplace.
It can be added as needed while providing numerous beneﬁts. It is enabled by
and enhances the value and eﬀectiveness of the expanding suite of elements of the
Smart Grid 3 [15].
Moreover, according to Paolo Borzatta of Milan Politechnic University CES has 3
major advantages [16]:
1. Can provide Peak Shaving : reducing demand peaks especially during day-
time
2. Can provide Load Shifting : moving energy from peak to oﬀ-peak hours
3. Can provide Predictable Proﬁle reduce Variability of energy exchanged on
Electricity Markets
As said before, the third point is the focus of this thesis work. An important
example of real application of Cimmunity Energy Storage is now exposed
2An individual at a control center (Balancing Authority, Transmission Operator The entity
responsible for the reliability of its local transmission system, and that operates or directs
the operations of the transmission facilities, Generator Operator, Reliability Coordinator) whose
responsibility it is to monitor and control that electric system in real time
3devices, practices and protocols that enable rich monitoring and situational awareness and
ﬂexible and robust control of various parts of or entire power systems under varying conditions
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4.1 Community Energy Storage, the American Elec-
tric Power (AEP) Experience
Starting in about 2005, to evaluate the prospects for and merits of locating ad-
vanced sodium sulfur (NaS) battery, rated at about 2 (MW), at substations.
Eventually, AEP added a diﬀerent twist on the concept involving numerous much
smaller units, rated at 25 kW for three hours, or 75 kWh, that are distributed and
located at or near end-user sites. So, instead of deploying one or two large battery
systems with a power output of 2 MW at the utility substation the alternative is
to deploy 80 individual systems, at or near end-user homes and businesses whose
power output is 25 kW.
AEP describes the approach as
a ﬂeet of small distributed en-
ergy storage units connected to
the secondary of transformers serv-
ing a few houses controlled to-
gether to provide feeder level ben-
eﬁts. Special design attention was
given to making the CES resemble conventional utility equipment.
One notable advantage of using many smaller units is unit diversity. Because
there are so many units, it is unlikely that a substantial amount of CES power will
be out-of-service at any time. That is helpful if reliability is especially important.
These multiple small battery-based energy storage units are connected to the util-
ity transformers' 240/120 V secondary and controlled from a common remote con-
trol. AEP starting strategy is here reported : "Initially the individual CES Units
will be pad-mounted and typically be deployed in Underground Residential Distri-
bution (URD) settings adjacent to a single phase pad mount transformer. A large
number of these small storage units will be aggregated regionally and controlled
as a ﬂeet"
The individual CES Units have controls to manage their individual charge and
discharge activity in response to regional needs at the feeder, station, or system
level. The regional needs will be managed by a CES Control Hub or by integration
into another control platform, herein referred to as an Integration Platform. If
used, the CES Hub will be deployed as hardware and software typically installed at
the station for the feeder(s) on which its ﬂeet of CES Units are installed. A utility
may elect to implement the same control functionality in an Integration Platform
which has broader application, possibly including other distributed resources. The
Integration Platform would not require the hardware on which the CES Hub will
implement this regional control functionality".
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Figure 4.1: Electrical Energy Storage Services Summary
According to AEP, CES can provide capacity, eﬃciency, and reliability beneﬁts
through the following key functions: Grid functions:
 Serve as a load leveling, peak shaving device at the station level
 Serve as a power factor correction device at the station level (VAR support)
 Be available for ancillary services through further aggregation at the grid
level. Other local functions include:
 Serve as backup power for the houses connected locally
 Serve as local voltage control
 Provide eﬃcient, convenient integration with renewable resources
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Community Energy Storage for
Predictable Proﬁle Service
Most RES technologies are usually integrated at the distribution level because of
the small generator sizes and the voltage they generate [17]. As a consequence,
most of distributed Energy Storage (ES) research focused on ES supporting RE
technologies. Wade et al. used simulation work prior to the deployment of a
real distributed ES system taking place on a 11 kV distribution network and they
investigated how a generic distributed ES system responded to voltage control
and power ﬂow management. The research concluded that distributed ES systems
should be ﬂexible enough to develop diﬀerent tasks depending on the location and
size, but the management should give priority to the events which add more value
[18]. A beneﬁt of ES on large-scale PV schemes is that using 1 kWh of storage per
1 kWp PV will reduce (and potentially eliminate) PV-induced over voltage events
[19]. Usually the worst case scenario is for the smallest communities, because the
more spiky demand proﬁle required proportionately larger battery capacities, but
at the same time overvoltage problems could occur if the community is too large
and the CES is located near the point of common coupling, being unable to perform
voltage support where it occurs (usually at the bottom of the considerd feeder).
So the optimal match in community size has to be found taking into account
these considerations [20]. Community Energy Storage (CES) is also considered
because it could be the intermediate solution between single home ES systems
and distributed ES systems for balancing local intermittent RE generation and
dynamic demand loads in residential areas. Moreover it could be the link between
RES and their active participation to Electricity Markets [21] [22] [20].
The main goal of this work is to understand if Community Energy Storage (CES)
can be a valid solution for Renewable Energy Systems (RES) integration, especially
Photovoltaic Systems (PV), according to a speciﬁc kind of service that the CES
could perform in the future, the Predictable Proﬁle Energy exchange with the
25
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main grid.
5.1 Predictable Proﬁle Battery Modelling and siz-
ing
RES intermittancy is hardly acceptable by Systems operators, creating diﬀerent
problems such as harmonics and need for balancing at unexpected times. This is a
limitating factor for an even deeper diﬀusion of Photovoltaic systems. Due to the
still high costs of installations, Aggregators of Renewable energy systems could
have an important role to manage energy proﬁles, taking advantage from actions
in electricity markets .
5.1.1 General deﬁnition of Aggregators and their role
An Aggregator of Renewable Energy Resources can be conisedered part of the
wider group of Virtual Power Plant (VPP) concept. VPP is a ﬂexible representa-
tion of a portfolio for Distributed Energy Resources. A VPP is comparable to a
trasmission connected generating plant which has a proﬁle of characteristics like
schedule of generation, generation limits, operating costs and so on. Using this
proﬁle, indivudual plant can interact directly with other market participants to
oﬀer services and make contracts. Via direct communication with the transmission
system operator or through market-based transactions, a transmission connected
unit can contribute to system management. Generation output and other associ-
ated services can be sold through interaction in the wholesale market or by direct
contact with energy suppliers and other parties.
When operating alone many DERs don't have suﬃcient capacity, ﬂexibility or
controllability to make these system management and market-based activities cost
eﬀective or technically feasible. However, with the creation of a VPP from a group
of DER, these issues can be overcome.
A VPP not only aggregates the capacity of many diverse DER, it also creates a
single operating proﬁle from a composite of the parameters characterising each
DER and incorporates spatial (i.e network) constraints into its description of ca-
pabilities of the portfolio. The VPP is characterized by a set of parameters usually
associated with a traditional transmission connected generator, such as scheduled
output, ramp rates, voltage regulation capability, reserve and so on. Furthermore,
as the VPP also incorporates controllable demands, parameters such as demand
price elasticity and load recovery patterns are also used for the characterisation of
VPP.
Some examples of generation and controllable load parameters for aggregation to
characterise a VPP are:
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Controllable Parameters
 Schedule of proﬁle of generation
 Generation limits
 Minimum stable generation output
 Firm capacity and maximum capacity
 Stand-by capacity
 Active and reactive power loading capability
 Ramp rate
 Frequency response characteristic
 Voltage regulating capability
 Fault levels
 Fault ride through characteristics
 Fuel characteristics
 Eﬃciency
 Operating cost characterisitics
Controllable load parameters :
 Schedule or proﬁle of load
 Elasticity of load to energy prices
 Minimum and maximum load that can be re-scheduled
 Load recovery pattern
Given that a VPP is composed of a number of DER of various technologies with
various operating patterns and availability, the characteristics of the VPP may
vary signiﬁcantly in time. Furthermore, as the DER that belongs to a VPP will
be connected to various points in the distribution network, the network charac-
teristics (topology,impedences, losses and constraints) will also impact the overall
characterisation of the VPP.
27
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The VPP can be used to facilitate DER trading in the wholesale energy markets
(e.g. forward markets and the power exchange), and can provide services to sup-
port transmission system management (e.g. various types of reserve, frequency
and voltage regulation and so on). In the development of the VPP concept, these
activities of `market participation' and `system management and support' are de-
scribed, respectively, as `commercial' and `technical' activities, which derive the
roles of commercial VPP (CVPP) and technical VPP (TVPP)[23]
5.1.2 Aggregators for Predictable Proﬁle service
One of the crucial steps to permit Aggregators to act in agreement with Grid
Operators is to be able to guarantee a predictable proﬁle of their aggregated loads
and productions. To do this they need a storage system which compensate the
shifts in demand or production from the chosen proﬁle. As will be shown in detail
later, a predictable proﬁle consists of step-based proﬁle, with constant values of
input or output power during a previously deﬁned amount of time. Since the
actual input-output proﬁle wouldn't be ﬂat but vary signiﬁcantly over time, a
storage system is used to perform the predictable proﬁle. To properly evaluate the
storage size ncessary to give this kind of service, several simulations with diﬀerent
possible conﬁgurations had been done.
5.1.3 System Description
A simple 19 nodes feeder with realistic characteristics was implemented.
Each node, except from the ﬁrst one (point of common coupling) is a point of con-
sumption. Each PV system had been chosen with 20m(2) of surface corrisponding
to approximately 3 kWp. This because Irradiation data, 15-minutes-based, were
available and the output Energy from PV system could be so calculated as
E = Area ∗ Irradiation ∗ etaPV ∗ Ccorr
Where E is the energy produced [Wh], Irradiation is the global incidence radia-
tion that hit the solar panels, etaPV is the solar system eﬃciency, combination of
etaPanels = 20% and etaBOS = 85% (BOS states for "Balance of System") Ccorr
was assumed as 1.13 according to UNI10349, since the solar panels are assumed
to have a tilt angle of 32 degrees (and 39 for the dutch case). Variables invloved
in the simulations were:
 Number of PV producers (randomly located into the feeder nodes). Simula-
tions had been carried out with 1,3,6,9,12,15,18 connected PV systems
 Number of Proﬁle steps. Each proﬁle step had been calculated as mean of the
considered range of values taken into account. As an example if 3 steps were
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Figure 5.1: Considered Grid Topology
considerd, the range of values was 96/3 = 32. Simulations were conducted
with 1,2,3,4,6,8,12,16 steps (with more steps the predictable proﬁle tends to
be so close to the real one getting the storage system unuseful)
In this way a total of 56 diﬀerent conﬁgurations had been studied.
5.1.4 Assumptions
 Apparent Power= 105 VA
 Frequency= 50 Hz
 number of nodes= 19
 eﬃciency of photovoltaic system (etaPV )= 17%
 PV inclination (alpha)= 39 degrees
 PV system Area= 20m2
 storage round-trip eﬃciency=85%
29
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5.1.5 Brief Code Description
To perform the simulations, a Matlab code had been written and it present this
general structure:
 Input Data are deﬁned including, cable data and Transformer data
 Topology of the grid with connections and distances between nodes.
 Irradiation, Loads and spot prices data are recalled from Excel ﬁles
 All variables, vectors and matrices are initialized
 Four cycles are run: the ﬁrst regards the number of connected PV systems,
the second for predictable proﬁle resolution, the third for days in an year,
the fourth for the 15-minutes time steps in a day. Into the four-level-for cycle
are set up:
 Grid Parameters calculation according to the Y-Matrices method [24]
 Calculation of the Energy Exchanged with the grid considering PV produc-
tion and Loads, an Input-Output matrix is created.
 Creation of Predictable Proﬁle Matrix setting as the costant level the mean
value of the considered range into Input-Output-Matrix vectors
 Storage proﬁle calculations
 Economic Calculations are performed considering spot prices multiplied by
the energy exchanged with the grid (buy or sell respectively)
 Battery Size Calculation is made by ﬁnding max and min values of storage
necessary to perform the required service, the range between these values is
the Battery size. Increasing of the 20% the previously found value the real
size is obtained (it's assumed a roundtrip eﬃciency of 85% for the battery
as stated before)
Two case studies were developed considering the dutch and the italian context. For
both of them irradiation data and markets prices were used as inputs. Irradiation
data were given by "Technical University of Eindhoven" and "Centro Nazionale
delle Ricerche" (Bologna) 1. Electricity Market Prices were obtained by "Tennet"
and "Mercato Elettrico" from their website respectively 2.
1Istituto di Scienze dell'Atmosfera e del Clima (ISAC) - Consiglio Nazionale delle Ricerche
(CNR) comes from the meteo station operating in Bologna within project 2009/B.04Osservatorio
BSRN, National Antartic Resarch Programme
2www.tennet.nl and www.mercatoelettrico.org
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Predictable Proﬁle Resolution is deﬁned as: each vector of the exhanged energy
matrix (representing a day) is divided into equal parts, corresponding to the res-
olution required. For each part the mean value is calculated. This mean value is
replied as many times as the numerosity of the considered part. In this way a new
vector (and consequently Matrix) is created. For example if the resolution is 3,
each vector will present 3 sets of equal values like in this picture:
Figure 5.2: 3 step resolution predictable Proﬁle
5.2 Results
5.2.1 Single day Simulation
At ﬁrst was veriﬁed that over-voltage problems didn't occur in all possible conﬁg-
urations with diﬀerent PV penetration levels and predictable proﬁle resolutions.
Since the ﬁnal result present a certain level of complexity it's better to start its ex-
planation from the basic elements of the whole simulation. As an example here we
consider a PV penetration level of 50% correspondig to 9 connected PV systems,
and a resolution of 3 steps for the Predictable Proﬁle. If we consider 2 randoms
days of a year ( 1 in summer and 1 in winter), the energy exchanged with the grid
and the Predictable Proﬁle are showed in red. Black bars represent the storage
behaviour necessary to guarantee the Predictable Proﬁle. The physical feasibility
of this behaviour had not been veriﬁed even if it is possible to deduct that very
31
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steep variations from charge to discharge are stressfull for the battery and this
could signiﬁcatively reduce its storage capacity and life time.
Figure 5.3: Random Summer Day simulation result
Figure 5.4: Random Winter Day simulation result
If the battery was dimensioned for these two days only it would have resulted as:
20.3kWh and 16.9kWh respectively
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5.2.2 Whole Year Simulation
If the simulation is run for the whole year with same previous conditions, it's
possible to see the range in which the Predictable Proﬁle space during the year
(always expressed in Wh on Y-axe).
Figure 5.5: Predictable proﬁle with 3 steps for the whole year
The aggregated proﬁles of stored energy proﬁle all over one year are here showed
in 2D and 3D:
The battery size that results from the entire year simulation in this case is:
45.09kWh. For a realistic dimensioning has to be considered that battery state of
charge (SOC) should never go below the 20% of the maximum storage capacity.
So it's necessary to add 9018 Wh and the ﬁnal size results: 54.108kWh.
5.3 Whole Year Simulation with diﬀerent amount
of connected PV systems and Predictable Pro-
ﬁle Resolutions
In order to see in a reliable way the results regarding diﬀerent conﬁgurations of
connected PV and resolutions of predictable proﬁle, here some graphs are reported.
The ﬁrst one represent the storage size as it results from the Matlab ran code, for all
the 56 pre-deﬁned conﬁgurations. The storage capacity had been found analyzing
33
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Figure 5.6: Storage proﬁles aggregated
Figure 5.7: Storage proﬁles aggregated, a partial 3D view
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all maximum and minimum storage needs for every time step, found max and min
values for both of them in an year and calculated the range between them.
Figure 5.8: Storage Sizing Result
Results take into account that the minimum state of charge (SOCmin) is 20% of
capacity and the roundtrip eﬃciency is of storage system is 85% as mentioned
before. As could be expected a bigger size is necessary when PV penetration
increases. On the other hand a general decreasing trend can be noticed increasing
the resolution of the Predictable Proﬁle since it tends to be closer to the real
proﬁle without storage (ideally no storage is needed when a resolution of 96 steps
is set, because it's the same resolution of the available data). Analyzing numerical
results, can be evidenced that with 3 steps and a high level of PV penetration
35
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the size is lower than the 4-steps case. This could be explained considering that
a better ﬁt of data is made with 3 steps matching the time-area where the solar
production is located. With 4 steps this area is divided with more steps and the
steep of "Input-Output" variation is bigger. So, for many days occur higher spikes
in energy to be stored, resulting in a bigger battery size in the end.
Figure 5.9: Storage Sizing Results
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Cost Beneﬁt Analysis
A cost beneﬁt analysis had been performed to understand if previously storage
capacity results could give positive economically performances or not.
6.0.1 Beneﬁts
Beneﬁts are deﬁned as the economic revenue from Inbalance avoidance.
Benefit =
n∑
i=0
ESR ∗ PI
(1 + r)i
where Beneﬁt is expressed in [e], ESR is the Energy stored and released to avoid
inbalance, PI is the Inbalance Price, i represent years of system life, r is a discount
rate set at 5%, n is the expected number of years of system life. Actually Beneﬁt
is computed for positive and negative inbalances considering energy stored and
released respectively. The two resulting values are summed to give the whole
Beneﬁt.
It can be Levelized considering the whole-life cycled energy calculated as the total
amount of energy stored and released during the pre-set number of life years (10
for Li-ion technology and 5 for Lead Acid one). This levelized parameter was called
Levelized Beneﬁt (LB)
LB =
Benefit
ECycled
where LB has [e/kWh] as unit of measurement.
6.0.2 Costs
Costs are mainly represented by Investment costs (here considered only storage
system, not PV). Previously found sizes can be evaluated considering diﬀerent
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commercial examples in order to have a cost of the system [13].
Figure 6.1: Storage System Costs
Considering real commercial examples [13] reported on Appemdix, results can be
derived as:
38
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Figure 6.2: Investment Costs with Li-ion and Lead Acid technology
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The cost diﬀerence is here evidenced:
A levelized investment cost (LCI) of Energy is deﬁned as investment cost divided
by cycled energy over life-time::
LCI =
I
ECycled
LCI is expressed in [e/kWh] It is to be noticed that for Lead Acid Batteries 5
years of life are considered (instead of 10 for Li-ion)
Levelized costs of energy (LCOE) are obtained as:
LCOELi−Ion = LB − LCILi−Ion
LCOELeadAcid = LB − LCILeadAcid
LCOE are expressed in [e/kWh]
They can be seen graphically as:
These results state that this service is unproﬁtable because the LCOE is almost
two times bigger than the average retail energy price. As will be suggested in
the conclusions, several interventions need to be done, like lowering battery cost,
better remuneration for this service and integration with other grid services.
6.1 The Italian Case Study
The same simulation had been ran for an Italian scenario. To have comparable
results Load Proﬁles were the same as before with adoption of Italian irraiation
data and Italian market Prices. Since during the overall year more energy has to
be managed, it's possible to notice that battery size has bigger values in general,
maintaining the previous trends in terms of PV penetration and Predictable Proﬁle
Resolution.
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Figure 6.3: Levelized cost of Energy after Cost Beneﬁt Analysis
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Figure 6.4: Storage Sizing Result
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Figure 6.5: Storage Sizing Result
The diﬀerence between the dutch case study is due to a greater irradiance level
during the entire year so mismatches between proﬁle steps can occur resulting in
a bigger need of storage in the end.
Matching results with commercial battery sizes (the same considered before) and
battery investment costs we obtain these results.
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Figure 6.6: Storage Sizing Results
With the next charts LCOE for Li-ion and Lead Acid Technologies are evidenced
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Figure 6.7: LCOE with Li-ion and Lead Acid technology
Also with the italian case are present negative economic results and it's possible to
notice that the best conﬁguration shifted to 3PV and 8 step resoultion instead of
9PV and 8 step resolution with dutch scenario. This is due to the bigger ittadiation
levl that set the best performance with a lower level of PV penetration. In order to
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understand this results is here showed the inﬂuence of LBOE and LCI on LCOE1.
It's clear that investment cost is generally from 8 times to more than one order
of magnitude bigger than the revenues obtained by participating the Balancing
market and this is unacceptable for an economically sustainable implementation
of this service.
Figure 6.8: Battery LCI and LBOE comparison
Since the economic results are stronlgy inﬂuenced by investment cost,which is di-
rectly linked to battery size (function of peak energy stored and released over time)
this means that with the italian case study, where greater values of irradiation are
present the mismatch between energy-consumption moments and energy-exporting
ones is bigger. Consequently, since the predictable proﬁle is deﬁned as the average
of "Input-Output" energy values the range between lowest and highest values is
bigger, resulting in a bigger storage size. An other diﬀerence between the dutch
and the italian LCOE results is that in the dutch case it that best value is with 9
connected PV systems and in the italian with 3 (both of them with 8 time steps).
This could be still related to the bigger irradiance for the italian case study having
the best performance with a lower level of PV penetration. The fact that LCOE
is quite similar for both case studies can be explained considering that Italian
Balancing market is more rewarding than the dutch one, especially during "sell-
ing time" (average values around 150 ¿/MWh instead of 30-40 ¿/MWh). This
counterbalance bigger investment costs for the italian scenario.
1here Li-ion technology, but with Lead Acid the result is not so diﬀerent
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6.2 Conclusions
An overview of Community Energy Storage (CES) available technologies, service
possibilities and examples had been done. The Predictable Proﬁle Service for CES
had been studied in more detail in order to deﬁne a proper sizing of storage required
for diﬀerent possible conﬁgurations (1,3,6,9,12,15,18 PV system connected and
1,2,3,4,6,8,12,16 proﬁle steps). A cost and beneﬁt analysis (considering balancing
market participation and investment costs) for all diﬀerent conﬁgurations had been
performed. A Matlab tool had been developed to run simulations with a detail
degree of 15 minutes for an entire year of available data and these conclusions can
be achieved:
 Required dimensions can be reached with commercially available storage
batteries considering LI-ion and Lead Acid Technology
 The Predictable Proﬁle service is per-se unproﬁtable and need to be linked to
other storage services, like peak shaving and load shifting for better economic
performances
 The storage system investment cost, for both considered technologies (Li-ion
and Lead Acid) is dominant and need to be decreased by at least the 50%
in order to compete with nowadays energy prices. Positive signals are given
by an intersting decreasing trend in cost especially for Li-ion technology and
the previuos statement could be reached between 2020 and 2025 2.
 Simulating the entire year with a pre-diﬁned time range for a speciﬁc proﬁle
resolution can lead to an over dimensioning of the storage because, especially
during summer mornings and evenings, the sun rise earlier and set later
compared to winter time. This leads to a strong mismatch between the
predicted proﬁle and the real one resulting in a bigger amount of energy
to be stored and released, creating peaks in storage requirements. To gain
better results, personalized proﬁles for diﬀerent moments of the year could
be studied
 Since these kind of services will be needed more and more in the future to
allow renewable energy systems integration, a properly redeﬁned remuner-
ation system must be studied and adopted to guarantee their economical
sustainability
2These studies were based on historical data so a certain degree of uncertainity occurs when
forecasts becomes unavoidable for real time operations, this could decrease even more economic
performances if we consider that unbalances must be paid
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Chapter 7
APPENDIX
Storage Proﬁles for dutch case are he reported in order to show Storage behaviour
required to perform Predictable Proﬁle service for all the previuosly deﬁned con-
ﬁgurations:
Figure 7.1: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 1
PV connected
49
50 CHAPTER 7. APPENDIX
Figure 7.2: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 1
PV connected
Figure 7.3: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 3
PV connected
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Figure 7.4: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 3
PV connected
Figure 7.5: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 6
PV connected
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Figure 7.6: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 6
PV connected
Figure 7.7: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 9
PV connected
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Figure 7.8: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 9
PV connected
Figure 7.9: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 12
PV connected
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Figure 7.10: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 12
PV connected
Figure 7.11: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 15
PV connected
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Figure 7.12: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 15
PV connected
Figure 7.13: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 18
PV connected
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Figure 7.14: Storage Proﬁles with diﬀerent Predictable Proﬁle resolutions with 18
PV connected
Commercial Data used for storage system cost deﬁnition
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Figure 7.15: Cost and LCOE for Li-Ion Battery for Distributed Energy Storage
Systems (DESS) applications "
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Figure 7.16: Cost and LCOE for Li-Ion Battery for Commercial and Industry
applications
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Figure 7.17: Costs of Lead Acid Battery for Distributed Energy Storage Systems
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Figure 7.18: Costs of Lead Acid Battery for Commercial and Industrial Sector
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Figure 7.19: Electrical Energy Storage 5-100 kW scheme
Figure 7.20: Electrical Energy Storage 5-100 kW scheme
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